A simple and sensitive spectrophotometric method for the determination of formaldehyde FA in different samples using tryptamine TA in a sulfuric acid medium was developed. A trace amount of sodium nitrite was added to enhance the production of a red violet colored product exhibiting an absorbance maximum at 558 nm. Beer's Law is obeyed for 0.80-23.00 lg mL À1 FA (r = 0.999), the recoveries are within the range of 96.25-100.66%, with percent relative standard deviations ranging from 1.02% to 2.73%. No interference was detected from commonly existing contaminates in the liquid samples e.g. phenol, aminoacids, sugars and related compounds. The method was applied successfully for the determination of formaldehyde in various environmental samples, such as rain water, wood products, and total cigarette smoke.
Introduction
Formaldehyde (FA), HCHO, is the most commonly found aldehyde in the environment . In general, formaldehyde enters the environment from natural sources, forest fires and from direct human pollution sources, such as fuel combustion, industrial on-site uses and off gassing from building materials and consumer products (Wakefield, 2008; Priority Existing Chemical Assessment, 2006) .
Due to the high solubility (Heimlich, 2008) , formaldehyde is found in natural rain, clouds, fog and steam, which paves its way as a pollutant. Moreover, the broad biological properties place formaldehyde among the significant industrial hazardous substances, with high impact on human health (Heimlich, 2008; Programme on Chemical Safety Formaldehyde Health and Guide, 1991) . In air, formaldehyde is considered as immediately dangerous to life and health at a concentration level of 24 mg m À3 , and exposure limit of 90 g m À3 (Institute for Occupational Safety and Health, 1994) .
Recently, there has been a tendency to determine the concentration of formaldehyde in the environmental samples for pollution control purposes and to provide strict regulatory restriction on the usage of consumer products. Therefore, a simple, rapid and highly sensitive determination method is urgently required (Heimlich, 2008) .
Sensitive methods for formaldehyde determination include GC (Bianchi et al., 2007; Del Barrio et al., 2006; Reche et al., 2001; Velikonj et al., 1995; Davydova et al., 1986) , voltammetry (Zhao et al., 2006) , fluorometry Li et al., 2007) , LC and HPLC (Possanzini and Di Palo, 2003; Witthauer et al., 1999; Isakau et al., 2009; Fu Liu et al., 2005; Huber and Fresenius, 1981; Chen et al., 2008) . However, spectrophotometric based methods (Teixeira et al., 2004; Feng et al., 2004; Gigante et al., 2004; Tian et al., 2004; Cui et al., 2007; Jagadeesan and Gupta, 1979; Li et al., 2008; Gibson et al., 2008; Mohamed et al., 2008; Guo et al., 2006; Pinheiro et al., 2004) are among the relatively low-cost, simple and sensitive methods and are very popular. These methods are based on the reaction of formaldehyde with reagents, such as Schiff's reagent (Gibson et al., 2008) , p-phenylenediamine (Mohamed et al., 2008) , chromotropic acid (Gigante et al., 2004) , brilliant cresyl blue (Guo et al., 2006) and fluoral P .
The present work reports a simple, sensitive and accurate spectrophotometric method for the determination of formaldehyde in aqueous samples. The method is based on the formation of a colored telomere from the reaction of formaldehyde with indol-3-ethylamine (knows as tryptamine; TA), in a sulfuric acid medium. The method was optimized for the determination of unknown levels of formaldehyde in samples of rainwater, wooden products, and total cigarette smoke.
Material and methods

Apparatus
A Jasco V-630 spectrophotometer with 1.0 cm quartz cell was used for spectrophotometric measurements. An HPLC system (Merck-Hitachi) equipped with a diode array detector L-2455, quaternary pump L-2200 and column temperature regulator L-2350 was used. The analytical column used was a RP8 HI-BAR (250 · 4.6 mm ID 10 lm) from Merck. The chromatographic system was eluted by (45:55 v/v) acetonitrile:water solution as a mobile phase, with 20 lL injection volume at a flow rate of 1.0 mL min À1 , and a detector set at 345 nm wavelength. A digital Orion Research Model 601 analyzer provided with an Ingold U455 electrode was used for pH measurements.
Reagents and chemicals
Reagent-grade chemicals used were of the highest purity available from their sources. A stock FA solution of 1000 lg mL À1 was prepared by diluting a volume of 2.5 mL (37%) formaldehyde solution FA (SCP, super chemical produces) to 1000 mL with bidistilled water and standardized using the sulfite method (Annual Book of American Society for Testing and (ASTM) Standards, 1979) . FA working standard solutions of 100 and 10 lg mL À1 were prepared daily from the stock standard solution by appropriate dilution. Tryptamine reagent TA 5 · 10 À2 mol L À1 was prepared by dissolving 0.817 g (98% purity, Merck chemicals) tryptamine in 1% H 2 SO 4 and then completing the volume to 100 mL using the same solvent. Sodium nitrite solution 2 · 10 À3 mol L À1 was prepared by dissolving 0.139 g of 99% sodium nitrite (BDH England), in bidistilled water and diluting to 1000 mL in a volumetric flask. Sulfuric acid (98%), 2,4-dinitrophenylhydrazine (DNPH) were pur-chased from Merck and 5% (w/v) chromotropic acid from Mallinckrodt Chemical was freshly prepared in bidistilled water.
Method
Spectrophotometric calibration curve
Proper volumes of the FA working standard solution were transferred to the stoppered test tubes to cover the concentration range of 0.80-23.00 lg mL À1 . The FA solution was diluted with water to 4.0 mL, the test tubes were replaced in the water bath at a constant temperature of 25°C, followed by the addition of 4.0 mL concentrated H 2 SO 4 , the temperature was allowed to stabilize then 1.0 mL of the working TA solution was added followed by 1.0 mL sodium nitrite solution. All test tubes were then capped and left in the water bath for 35 min to ensure complete color development. A calibration graph was prepared by recording the absorbance of the resulting solutions at 558 nm against a similarly prepared reagent blank. All measured solutions were prepared in triplicates.
Formaldehyde determination in rain water
Some portions of countryside rain water (Aleppo City, Syria) were collected at two different time periods; each portion was about 100 mL volume. The first collection was in the first autumn rainfall in the second week of September 2009 and the second sample was collected from the same place after about one month. The collected rain water samples were immediately filtered through a 0.45 lm membrane filter from which a volume of 100 mL was heated, with continuous stirring, in a water bath at 80°C for 10 min (Mohamed et al., 2008) , in these conditions, the volatile acetaldehyde was expelled, and at the same time they have a little effect on FA (recoveries of FA P97%), which begin to drift with water vapor at P90°C (Mohamed et al., 2008) . The solution was left for a few minutes to cool after which bidistilled water was added to the volume to replace any evaporation.
In order to determine the low levels of FA a preconcentration procedure was performed by subjecting the resulting solution to a crystallization process with bisulfite. This was proceeded as follows: 5 g sodium bisulfite was added to 100 mL of the rain water, then the mixture was kept in an ice bath for one hour (ensuring a complete FA and bisulfite reaction), after which an accurate volume of 50 mL ethanol (95%) was added without stirring (the aqueous: ethanol ratio was 2:1 (v/v)). The mixture was then refrigerated (at À4°C) for 30 min which lead to the formation of crystals from bisulfite addition compound. The crystals were then filtered using 0.45 lm membrane filter, and the filtrate was discarded. The crystals were kept at room temperature for solvent evaporation, followed by the dissolution of the dry crystals with suitable volume of 0.05 mol L À1 sulfuric acid, making the final FA concentration within the standard linear range of the suggested method. A 3 mL volume of the resulting solution was used in the proposed method for FA determination.
A separate FA preconcentration study with bisulfite crystals was performed to ensure higher recovery for trace FA level. The study included ethanol to water ratio, bisulfite quantity, and FA concentration.
Formaldehyde determination in total cigarette smoke
A procedure for total cigarette smoke (TSS) collection, described elsewhere (Mohamed et al., 2008) , is applied for the FA determination in a local cigarette brand (Al Hamra long). The method in brief is as follows; a simple smoking apparatus was constructed as shown in Scheme 1, each trap (100 mL capacity) contained about 35 mL of chilled water. Just after smoking three cigarettes, the two trap solutions were combined, filtered through a 0.45 lm membrane filter and heated, with continuous stirring, in a water bath at 80°C for 10 min, to expel volatile acetaldehyde (Mohamed et al., 2008) . The remaining solution was then diluted to 250 mL in a volumetric flask and sample aliquots of 3 mL were promptly analyzed.
Formaldehyde determination in wood products
FA in wood products, such as in medium density fiberboard (MDF) and chipboard, was determined by applying the suggested method. To each 1 g ground sample of MDF, chipboard was added intermittently as very small pieces, 50 mL of bidistilled water was added and the mixture was agitated using an ultrasound bath for 10 min at 80°C. This ensured the removal of acetaldehyde if present (Mohamed et al., 2008) , and the complete dissolution of free FA from the sample (British Standards Institution, 1995), total FA, however, could be obtained by soaking the sample in a sulfuric acid medium, (Chrastil and Reinhardt, 1986) . The solution was then left for a few minutes to cool, filtered then a 3 mL volume of the filtrate was used in the proposed method for FA determination.
Results and discussion
Effect of various concentrated acids
The addition of FA with TA, in the sulfuric acid medium, developed a violet colored product with a clear absorbance maximum at 558 nm. The effect of various volumes of concentrated sulfuric acid was studied using 3 mL of 8 lg mL À1 (2.7 · 10 À4 mol L À1 ) FA concentration. The results, (Fig. 1) ,
show that the increases of acid volume, within the range 0.5-4.0 mL, show an increase in the absorbance. Increasing the acid concentration to volumes above this range shows good and nearly constant absorbance values.
For the same acidifying propose, various concentrated acids, such as nitric acid (70%) hydrochloride acid (37%), acetic acid (99%) and phosphoric acid (85%) were individually tested using a volume of 4 mL from each acid and using the same experimental conditions. The results show, no color development in the solution by using the above mentioned acids. An addition of 0.5 mL of 1.0 · 10 À2 mol L À1 H 2 O 2 to the previously tested phosphoric acid gave a violet colored product with a broad peak at 566 nm (Fig. 2) . The color development using H 3 PO 4 and H 2 O 2 took approximately 3 h to establish a stable colored product. Despite a low potential hazard of H 3 PO 4 as compared with H 2 SO 4 , a longer period of time taken by the former to develop a colored product lead to the preference of the cautious use of H 2 SO 4 .
Scheme 1 Home-made total cigarette smoke collection apparatus. 
Volume of H 2 SO 4 , mL
A Figure 1 Effect of sulfuric acid volume on the absorbance values at 558 nm, Experimental conditions: 2.7 · 10 À4 mol L À1 HCHO; 4 · 10 À3 mol L À1 TA; 0.3 · 10 À4 mol L À1 NaNO 2 , at 25°C and wait for 45 min; 10 mL final testing mixture.
Figure 2
Absorption spectra show the effect of; (1) sulfuric acid with sodium nitrite using 8 lg L À1 HCHO, (2) sulfuric acid using 8 lg L À1 HCHO, (3) phosphoric acid using 8 lg L À1 HCHO, (4) sulfuric acid with sodium nitrite using 1 lg L À1 HCHO.
Effect of sodium nitrite concentration and other oxidants material
It has been noticed during preliminary testing experiments that the addition of trace amount of oxidants, e.g. H 2 O 2 and Fe 3+ [as Fe 2 (SO 4 ) 3 ], increases the reaction speed with no effect on the total absorbance value. Adding a trace amount of sodium nitrite to the sulfuric acid media containing FA and TA, however, caused an increase in both, the absorbance (Fig. 2) and in the reaction speed.
The effect of NaNO 2 concentration was studied within the range of 0.5 · 10 À5 -1.4 · 10 À3 mol L À1 . The results (Fig. 3) show that the absorbance increased rapidly with increasing NaNO 2 concentration with a maximum at 2 · 10 À4 mol L À1 . Further increases in the NaNO 2 concentration to a value more than 9 · 10 À4 mol L À1 , may lead to a decrease in the absorption value. Thereafter, a concentration of 2 · 10 À4 mol L À1 of NaNO 2 was adopted for further experiments.
Taking into consideration the color development period, the absorbance of the color was monitored for 8 h both in the absence and in the presence of NaNO 2 . In the absence of sodium nitrite, the result (Fig. 4) shows that the colored product formation increased gradually during the first 3 h of the reaction time and a maximum was reached after 6 h. Alternatively, the presence of 2 · 10 À4 mol L À1 NaNO 2 enhanced the reaction rate with a nearly stable colored product formation after 35 min that remained for 6 h.
It has been known that NaNO 2 in acidic solution gives nitrous acid which decomposed with the evolution of nitrogen oxides, but at these reaction conditions of temperature and order of material addition (FA, H 2 SO 4 , TA, and then NaNO 2 ), the absorption and the reaction speed were surprisingly increased, even at a temperature reaching 25°C.
It is suggested that the presence of NaNO 2 could enhance the formation of a hydrated semi oxidized species of formaldehyde that have more efficiency to condense with indole and its derivatives.
Constitution of the colored product
The nature of the binary colored product (FA-TA) was determined by performing two studies, the first using continuous variation method (Likussar and Boltz, 1971) . In this method, a series of solutions were prepared, with that the concentration of FA plus TA were held constant at 1.0 · 10 À3 mol L À1 . A graph was prepared by plotting absorbance against the ratio [FA]/[FA] + [TA]. The result of applying this method, (Fig. 5) , indicated that the (TA:FA) ratio is 2:1.
The second study used a molar ratio method (Meyer and Ayres, 1957) , this was performed by increasing the TA concentration within the range of (1.3 · 10 À3 -2.1 · 10 À4 ) mol L À1 , for the formation of the colored product with constant FA concentration of 2.7 · 10 À4 mol L À1 . Concentration of NaNO 2 mol.L -1 , ×10 -4 A Figure 3 The effect of sodium nitrite concentration on the absorbance values at 558 nm. Experimental conditions: HCHO 2.7 · 10 À4 mol L À1 ; TA 5 · 10 À3 mol L À1 ; 4 mL H 2 SO 4 (98%); at 25°C and wait for 30 min; 10 mL final testing mixture. 
[FA]/[FA] + [TA]
A Figure 5 Continuous variation method for FA-TA colored production at 558 nm. Experimental conditions: 2 · 10 À4 mol L À1 NaNO 2 ; 4 mL H 2 SO 4 (98%); at 25°C and wait for 30 min; 10 mL final testing mixture. The absorbance variation at 558 nm during 8 h time in the absence and in 2.7 · 10 À4 mol L À1 HCHO: the present of 2 · 10 À4 mol L À1 NaNO 2 . Experimental conditions: 5 · 10 À3 mol L À1 TA; 4 mL H 2 SO 4 (98%); at 25°C; 10 mL final testing mixture. The result shows rapid increases in the absorbance with increasing TA concentration (maxima at 5 · 10 À3 mol L À1 ), with an intersection point of 2 on the [TA]/[FA] axes versus absorption. Hence, according to these results and the Hopkins-Cole biochemical reaction (Berg et al., 2006) , which is used for qualitative determination of tryptophan, the composition of the binary colored product formed TA-FA, may be expressed as 2:1 (Scheme 2).
Effect of temperature
The effect of temperature was studied within the range 5-95°C. In these set of experiments the mixture was prepared in test tubes placed in a water bath at a defined temperature for a period of 30 min after which the ambient temperature was maintained.
The result (Fig. 6) , demonstrated that the colored product formed at a temperature in the range of 5-25°C exhibited nearly stable absorbance, whereas increasing the temperature within the range of 26-35°C showed a decrease in the absorbance (around 2%). Increasing the temperature within the range of 40-90°C, caused the absorbance to decrease dramatically with the dissociation of the colored product, resulting in uncontrollable conditions of the reaction. Thus, the method should be performed at a temperature less than or equal to 25°C.
Method validation
Beer's Law is obeyed within FA concentration range of (0.80-23.00) mg L À1 (r = 0.999). The calibration graph is described by the equation: Y = bX + m, obtained by the method of least squares (where Y = absorbance, m = intercept, b = slope and X = concentration in lg mL À1 ). Correlation coefficient, intercept and slope for the calibration data, as well as, the sensitivity parameters such as apparent molar absorptivity and Sandell's sensitivity values, the limits of detection and quantification are calculated and summarized in (Table 1) . The LOD and LOQ were calculated according to the same guidelines using the formulae: LOD = 3.3 SD/b and LOQ = 10 SD/b, where SD is the standard deviation of five reagent blank deter-minations and b is the slope of the calibration curve (Miller and Miller, 1993) .
The precision and accuracy were assessed according to the IUPAC recommendations (Miller and Miller, 1993) by analyzing 0.08, 0.10, 0.30, 0.50, 0.80, 1.0, 5.0, 10.00, 15.00, 18.00, 20.00, and 23.00 lg mL À1 FA in aqueous solutions ( Table 2) . The relative accuracy R% was within the range of 96.25-100.60%, with RSD% 62.73%, indicating a good accuracy with high precision of the method. The reproducibility of the method also known as the inter precision was evaluated by performing replicate analyses solution over a period of five days. The inter day RSD values were less than or equal to 3.90% reflecting the usefulness of the method in routine analysis.
Method robustness was tested by making small incremental changes in either TA concentration, H 2 SO 4 concentration, NaNO 2 concentration or temperature. To check the ruggedness, an analysis was performed by three different analysts and on three different spectrophotometers by the same analyst. The robustness and the ruggedness were checked at three different concentrations of FA. The intermediate precision, expressed as RSD percent, which is a measure of robustness and ruggedness was within the acceptable limits as shown in the Table 3 .
Interference study
The influence of various ions, some of organic and inorganic compounds, commonly found with FA in the aqueous environment was examined within the concentration range of 15-1000 lg mL À1 . A relative error of ±5% on the concentration of FA was considered tolerable. No interference within the testing range of concentration was observed from sugars, such as glucose and fructose, ketones as acetone, aminoacids as leucine, urea, phenol and the following ions Na + , K + , Ca 2+ , Cu 2+ , Pb 2+ , Al 3+ , Fe 2+ , Zn 2+ Cl À , and NH 4+ . However, Figure 6 Effect of temperature on the absorbance values at 558 nm. Experimental conditions: 2.7 · 10 À4 mol L À1 HCHO; 5 · 10 À3 mol L À1 TA; 4 mL H 2 SO 4 (98%); 2 · 10 À4 mol L À1 NaNO 2 ; 10 mL final testing mixture. a Limit of determination as the weight in lg mL À1 of solution which corresponds to an absorbance of A = 0.01 measured in a cuvette of cross-sectional area 1 cm 2 and l = 1 cm. Y = a + b X, where Y is the absorbance, X is the concentration in lg mL À1 , a is the intercept, b is the slope.
interference was observed, (Table 4) , from acetaldehyde (4.2fold) and oxidant material as hydrogen peroxide (24-fold) which causes dissociation of the colored product. Interferences were also observed with ions, such as Fe(III) at 48 fold, Ni(II) and Co(II) up to 54-fold.
Preconcentration with bisulfite crystals
Considering that the concentration of FA found in samples, such as in rain water, could be less than the limit of the sug-gested method, a procedure for FA collection from these samples is needed. A modified FA crystallization collection method with sodium bisulfite (NaHSO 3 ) was performed in order to determine FA. This crystallization method was used to collect formaldehyde from air samples (U.S. Department of Health and Services, 1994). The method depends on the crystallization of aldehydes and ketones with bisulfite in aqueous media (Scheme 3) (Clayden et al., 2000) . This method in brief included the addition of excess of bisulfite to the collected rainwater, forming a dissolved compound with FA, and addition of ethanol caused the compound to crystallize.
The optimum experimental conditions were determined for the concentrations of FA which are lower than the linearity range of the suggested method (these concentrations were not capable for the analysis by applying the suggested method.
Varying the bisulfite quantity for the preconcentration of 0.1 lg mL À1 FA present in 100 mL of bidistilled water, after which the analysis procedure was performed, reveals higher recoveries of 95%, with a relative standard deviation RSD of 2.8%, by using 5 g bisulfite. Increasing the bisulfite quantity up to 8 g/100 mL shows no variation in the recovery value. On the other hand, using 1.0, 2.0, 3.0, 4.0 g/100 mL of bisulfite gives a recovery of 50%, 61%, 79%, and 84%, respectively.
For the same preconcentration purpose, and for the same FA concentration, varying the ethanol (95%):water ratio as The experiments were performed using the optimum conditions of 5 · 10 À3 mol L À1 TA, 4 mL H 2 SO 4 (98%) with final testing mixture volume at 10 mL (or 39.2% (w/w)) and 2 · 10 À4 mol L À1 NaNO 2 . 0.5:2, 0.75:2, 1:2, 1.25:2, 1.5:2, and 2:2 gives recoveries of 50.2%, 94.5%, 95.3%, 94.7%, 30.7%, and 0.0%, respectively, with that, the excess of ethanol to a ratio more than 1:2 caused re-dissolution of the crystal.
Similar treatment of a solution containing trace formaldehyde levels of 0.08, 0.05, and 0.03 lg mL À1 gives (recovery ± RSD)% of (95.25 ± 2.9)%, (94.80 ± 3.1)%, and (94.07 ± 3.7%) respectively.
Application
The analytical results of FA with the suggested method in rain water were compared with the result obtained by HPLC measurement (Tsai et al., 2003) , and are in good agreement. The HPLC measurement depended on the derivatization of FA with 0.1% of 2,4-dinitrophenylhydrazine reagent (DNPH). While the analytical results for the other samples of wood products, and TSS samples were compared with the standard chromotropic acid method adopted by NIOSH (Institute for Occupational Safety and Health, 1994) . The obtained analytical results, Table 5 , gave quantitative recoveries in the range of 96.0-100.0%. The test of significance shows that Student's ttest values and F-values at 95% confidence level are less than the theoretical values, indicating that there is a good agreement between the results obtained by the proposed method and the reference method with respect to accuracy and precision. These results prove the validity and reliability of the proposed method to analyze different aqueous samples.
In rainwater, however, the concentration of FA is different according to the area, gas emission and of pollutants present (Reeve, 2002) . The first autumn rain collection contained more pollutants, due to the washing out of the dissolvable substances present in air, moreover, the concentration levels of FA in the two rain water samples analyzed indicate high levels of FA pollutant, which demand more attention and control of the pollutant's emission in the region.
Conclusion
A spectrophotometric method has been developed for the determination of low level formaldehyde. The developed method depends on the formation of a red violet colored product from the telomerization of FA with TA in the presence of concentrated sulfuric acid and trace NaNO 2 amounts. The method is shown to be selective, sensitive, simple and easy to perform. The colored product that has been formed is stable at a temperature less than or equal to 25°C, and does not interfere with substances normally present as pollutants. The method validation proved the accuracy and precision for the routine application of low level formaldehyde determination. The value of t (tabulated) at 95% confidence level and for four degrees of freedom is 2.78. The value of F (tabulated) at 95% confidence level and for four degrees of freedom is 6.39. a All of the analytical samples had unknown FA concentration. b Expressed for TSS in lg per cigarette, and lg mL À1 the for other samples. c Collected from the first rain (countryside, Aleppo city, Syria) and preconcentrated twice. d Collected after a period of one month (countryside, Aleppo, Syria) and preconcentrated 10 times. e The recovery values for added FA concentrations.
